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Abstract 
The electric field instruments onboard the Swarm satellites make high-resolution measurements of the F-region ion 
drift. This paper presents an initial investigation of preliminary ion drift data made available by the European Space 
Agency. Based on data taken during polar cap crossings, we identify large offsets in both the along-track and cross-
track components of the measured ion drift. These offsets are removed by zeroing drift values at the low-latitude 
boundary of the high-latitude convection pattern. This correction is shown to significantly improve agreement 
between the Swarm ion drift measurements and velocity inferred from a radar-based statistical convection model for 
periods of quasi-stability in the solar wind and interplanetary magnetic field. Agreement is most pronounced in the 
cross-track direction (R = 0.60); it improves slightly (R = 0.63) if data are limited to periods with IMF Bz < 0. The cor-
rected Swarm data were shown to properly identify the convection reversal boundary for periods of IMF Bz < 0, in full 
agreement with previous radar and satellite measurements, making Swarm ion drift measurements a valuable input 
for ionospheric modeling.
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Introduction
The Swarm satellite mission is aimed at providing a sur-
vey of the geomagnetic field and a global representation 
of its variation on timescales from hours to years (Friis-
Christensen et  al. 2006, 2008). To help resolve the dif-
ferent sources of magnetic variations, it is important to 
map the ionospheric contribution. One of the principal 
objectives of the mission is therefore an investigation of 
the electric currents flowing in the magnetosphere and 
ionosphere. To help achieve this objective, each Swarm 
satellite carries an electric field instrument (EFI) that 
measures the ion drift (driven by the ionospheric electric 
and magnetic fields) at a high spatial resolution along the 
satellite track, to provide information on the structure of 
the currents at the ionospheric level.
Fiori et  al. (2013, 2014) have investigated techniques 
for estimating 2D plasma convection in the high-latitude 
ionosphere using Swarm data. They showed that Swarm 
data can be incorporated into a spherical cap harmonic 
mapping algorithm that generates high-latitude convec-
tion maps from ground-based radar data. In both papers, 
data sets were artificially generated by considering sta-
tistical models to emulate ion drift measurements along 
hypothetical Swarm satellite tracks. It was shown that 
Swarm-based measurements could successfully map 
convection both over a localized region surrounding the 
satellite track (to examine small scale features) and across 
the entire high-latitude region when combined with data 
from the Super Dual Aurora Radar Network (Super-
DARN) radars (Greenwald et  al. 1995; Chisham et  al. 
2007). The logical progression of this work is the testing 
of Swarm measurements, the comparison of Swarm data 
with plasma flow measurements from other instruments 
to ensure the data sets are suitable for merging, and 
finally the generation of convection maps.
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An initial release of Swarm EFI data (PREL 0101, avail-
able at https://earth.esa.int/web/guest/swarm/data-
access) has been made publically available for the period 
of April 15, 2014, to September 29, 2014. The calibration 
of data in this initial release is based primarily on numer-
ical modeling of the instruments and on limited com-
parisons with data taken in flight. As shown below, these 
data are subject to large offsets, the source of which is not 
yet fully understood. One possible source is time varia-
tion of the gain distribution over the 2D detector surface; 
the cause of which is suspected to be contamination from 
residual humidity absorbed prior to flight [R. Enck, per-
sonal communication]. This gain variation changes on 
timescales of tens of minutes in the case of the Swarm 
C satellite, and hours or weeks in the case of Swarm A 
and B, with Swarm A being the most stable. While such 
gain variations clearly compromise the accuracy of the 
EFI measurements, the relative stability of the gain pat-
terns over one orbit provides an opportunity to calibrate 
the measurements on an orbit-by-orbit basis, based on 
the assumption of relatively low convection velocity at 
subauroral latitudes. This approach has been used in pre-
liminary studies of high-latitude flow channels (Goodwin 
et al. 2015; Archer et al. 2015).
The concept of low-to-zero flow at subauroral lati-
tudes has been applied to mapping electrostatic poten-
tial patterns derived from ion drift and electric field 
measurements from satellites. In deriving large-scale 
statistical convection patterns from Defence Meteoro-
logical Satellite Program (DMSP) ion drift data, Rich 
and Hairston (1994) developed a detailed algorithm for 
setting the electrostatic potential to zero just equator-
ward of the auroral oval. They characterized the location 
of the subauroral region based on the observation of a 
constant near-zero ion flow in both the along-track and 
cross-track directions having a sufficiently small stand-
ard deviation located equatorward of 65° magnetic lati-
tude (MLAT). The potential calculated at the located end 
point was used as an offset to correct the potential calcu-
lated along the entire high-latitude portion of the satellite 
pass. Weimer (1995) also pointed out the need to correct 
for unknown offsets in Dynamics Explorer 2 (DE2) elec-
tric field data. For each satellite pass he identified refer-
ence points, chosen to be the low-latitude boundary of 
the convection zone, where the potential should be the 
same. If reference point potentials did not match, offsets 
were introduced into the electric field data to ensure a 
match. Similar techniques are applied by Hairston and 
Heelis (1990) for DE 2 data and by Hairston and Heelis 
(1995) for DMSP data. Zeroing the potential at the low-
latitude convection zone boundary, according to Weimer 
(1995), allows one to isolate the solar wind-driven com-
ponent of the potential pattern. It should be noted that 
zeroing the potential at lower latitudes is equivalent to 
applying an offset to the velocity data to set it to zero.
In this paper, we empirically correct Swarm ion drift 
measurements by zeroing the flow magnitude at the 
boundary of the convection zone inferred from a Super-
DARN-based statistical convection model. Corrections 
are only applied to data poleward of the convection zone 
boundary. The corrected ion drift measurements are then 
compared to values predicted by the model. The goal 
of this comparison is to determine whether or not cor-
rected Swarm ion drift data provide a more accurate rep-
resentation of the average ion drift at high latitudes than 
measured data. Finally, we investigate the location of the 
convection reversal boundary inferred from Swarm data 
with respect to its statistically determined average loca-
tion known from SuperDARN measurements.
EFI instrument onboard the Swarm satellites
The electric field instrument (EFI) (Knudsen et al. 2016) 
consists of four sensors: two orthogonal bi-dimensional 
thermal ion imagers (TIIs) and two Langmuir probes 
(LPs). The TII sensors, which view in the horizontal and 
vertical planes, are used to construct a two-dimensional 
low-energy ion distribution function to derive ion tem-
perature (Tion) and three-dimensional ion drift values 
(Knudsen et al. 2003).
This study makes use of EFI ion drift data obtained 
from May to September 2014; Swarm data prior to May 
2014 were subject to ‘measurements jitter’ due to prob-
lems with the EFI TII flight software (Knudsen et  al. 
2015). Only data from the Swarm A satellite are used 
in this study. Following the recommendation of Knud-
sen et al. (2015) Swarm data associated with a TII qual-
ity flag ≥20 are removed from the data set. Additionally, 
points having Tion of <100 K or a measured along-track 
ion drift component of 0 m/s were removed as these data 
are not consistent with the overall data set. Swarm A data 
are available for 142 days over the May–September 2014 
interval.
Swarm measures ion drift in the along-track and cross-
track directions independently by the two TII sensors. 
The horizontal (H) sensor measures the along-track (Hx) 
and cross-track (Hy) components of the ion drift, and 
the vertical (V) sensor measures the along-track (Vx) and 
vertical components of the ion drift. Ion drift values are 
transformed into the North East Center (NEC) reference 
frame for data distribution. The NEC frame has its ori-
gin at the front of the satellite in the vicinity of the EFI 
(Swarm Team 2004). The radial (C) direction is oriented 
to point from the origin to the center of the Earth. The 
north (N) and east (E) components point to the north 
and east directions, respectively. It should be pointed out 
that Hx, Vx, and Hy point approximately in the cross-track 
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directions; attitude swings of up to ±4° are not corrected 
for in these measurements. We also note that in this ver-
sion of the data release, the ion temperature calibration 
is based primarily on a numerical simulation of the TII 
sensors and has not yet undergone any adjustment based 
on post-launch data. Data for a single satellite pass will be 
discussed later in “Comparison of corrected Swarm data: 
Single Satellite Pass (04 July 2014)” section (see Fig. 2).
The reader will note that Hx and Vx measure the same 
ion drift component. However, visual examination of the 
data from numerous high-latitude satellite passes during 
the May–September interval found that in many instances 
Hx and Vx did not agree; discontinuities (sharp jumps of 
several thousand m/s) were frequently observed in data 
from the horizontal sensor but not the vertical sensor. 
Although such jumps could be real, the lack of corrobo-
rating data from the parallel sensor puts the validity of 
the data into question, and the horizontal data in this case 
are treated as erroneous. On some occasions jumps were 
observed in the vertical sensor instead of the horizontal 
sensor. Jumps appear mainly at MLTs and MLATs in the 
vicinity of the cusp region, but at present their cause is 
not understood. In assessing satellite passes for the com-
parison study, disagreement between the along-track 
components from the horizontal and vertical TII sensors 
was considered. Passes showing extreme disagreement 
were flagged so that data from only one sensor were used 
to determine the along-track ion drift measurement. If 
data for both sensors did not contain discontinuities and 
followed the same trends, then the data were averaged.
For the purpose of convection mapping, we are only 
interested in intervals where the Swarm satellite is 
located in the high-latitude region poleward of the con-
vection zone boundary, as defined in the magnetic 
coordinate system. Swarm data coordinates and vector 
orientations are therefore transformed to the altitude-
adjusted corrected geomagnetic (AACGM) coordinate 
system (Baker and Wing 1989; Bhavnani and Hein 1994). 
In addition, the measured ion drifts are mapped down 
from a satellite altitude of ~470–300  km, which is the 
assumed height of SuperDARN F-region scatter (i.e., 
Koustov et  al. 2007; Chisham et  al. 2008). The effect of 
this is to reduce the magnitude of the ion drift measure-
ment by ~4 %, as estimated using the methods of Walker 
and Sofko (2015). Data are further resampled from a 
2-Hz resolution to 1 Hz by discarding every other point 
simply to reduce the data set for ease of calculation. For 
comparison purposes, we focus on northern hemisphere 
data.
Swarm satellites complete a full orbit approximately 
16 times per day, spending ~20 min of each orbit in the 
high-latitude region poleward of 50° MLAT in the north-
ern hemisphere. Figure 1a shows the distribution of the 
coordinates for the Swarm A satellite tracks for all avail-
able northern hemisphere passes in the May–September 
2014 interval. Occurrence is plotted in magnetic latitude/
magnetic local time (MLAT/MLT) coordinates using a 
uniform distribution of equal area cells having a length 
equivalent to 1° of MLAT. As expected, the distribution 
is more concentrated in the high-latitude region due to 
the satellite’s polar orbit. Data are weighted toward the 
dayside as the satellite orbits about the geographic pole, 
Fig. 1 Distribution of Swarm A satellite footprints. a Distribution of 
the coordinates of the satellite track for the Swarm A satellite for all 
available passes May–September 2014. Number of measurements 
(occurrence) is indicated by color using a uniformly distributed grid 
of equal area cells in the high-latitude (>50° MLAT) region of the 
northern hemisphere in MLAT/MLT coordinates. Each grid cell has a 
length equivalent to 1° of MLAT. b Same as (a), but for a subset of 70 
passes for periods of quasi-stable IMF and solar wind. Data are limited 
to the convection zone, determined by finding the intersection of the 
footprints of the satellite orbit with the Heppner–Maynard Boundary 
(HMB) corresponding to the Cousins and Shepherd (2010) statisti-
cal model for that period (see descriptions in “Statistical convection 
model” section)
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and during this time interval the northern hemisphere is 
predominantly tilted toward the sun.
Comparison of Swarm data with output from a 
statistical convection model
We now compare Swarm data with predictions of the 
high-latitude plasma flow velocity given by a statistical 
convection model to evaluate the offset between values 
and to evaluate the success of our proposed procedure 
for removing the offset.
Statistical convection model
Over the years, several statistical models of the high-
latitude convection pattern have been generated based 
on ionospheric data from a variety of both satellite and 
ground-based instruments. These instruments include 
drift meters on satellites (Hairston and Heelis 1990; Pap-
itashvili et  al. 1999; Rich and Hairston 1994; Papitash-
vili and Rich 2002), vector electric field instruments on 
satellites (Heppner and Maynard 1987; Rich and May-
nard 1989; Weimer 1995), incoherent scatter radar (Fos-
ter et  al. 1986; Zhang et  al. 2007), and the SuperDARN 
coherent scatter radars (Ruohoniemi and Greenwald 
1996, 2005; Cousins and Shepherd 2010; Pettigrew et al. 
2010). Of these models, we selected the CS10 convec-
tion model by Cousins and Shepherd (2010) because of 
its flexibility, accessibility, and well-defined parameteri-
zation of the convection pattern by the solar wind veloc-
ity and the strength and orientation of the interplanetary 
magnetic field (IMF).
The CS10 statistical convection model is derived 
from data collected by 16 SuperDARN radars operat-
ing over a period of 8  years. There are 270  models cat-
egorized by hemisphere, transverse IMF clock angle (





, magnitude of the solar wind elec-
tric field (Esw = −vsw × Bt, where vsw is the solar wind 






 is the transverse component 
of the IMF, and By and Bz are the y and z-components of 
the IMF), and dipole tilt angle (β) of the Earth’s magnetic 
field. Note that the geocentric solar magnetospheric 
(GSM) coordinate system is used to describe the IMF 
and solar wind. Each map is generated by fitting collected 
data in each bin using a modified spherical harmonic fit-
ting procedure called the FIT technique (Ruohoniemi 
and Baker 1998; Shepherd and Ruohoniemi 2000). The 
model output is a set of coefficients from which velocity, 
and, if desired, electrostatic potential may be calculated 
at any point within the high-latitude region.
The FIT technique requires that a high-latitude con-
vection zone be defined such that the flow is zero at the 
low-latitude boundary. This boundary, defined by latitude 
λFIT, is determined based on the distribution and magni-
tude of the binned line-of-sight velocities by selecting the 
lowest latitude containing all gridded line-of-sight veloci-
ties greater than 100 m/s (Ruohoniemi and Baker, 1998). 
For the 270 possible CS10 models, λFIT ranges from 52° 
MLAT to 66° MLAT with an average value of 60° MLAT. 
The convection zone is further shaped by imposing a 
Heppner–Maynard Boundary (HMB) (Heppner and 
Maynard 1987; Shepherd and Ruohoniemi 2000) which 
is compressed on the dayside and circular on the night-
side. An HMB is applied to the data set by filling grid cells 
in the region between λFIT and the HMB with fill vectors 
having magnitudes of 1 m/s to damp the flow.
In describing ionospheric convection, it is common 
to differentiate between flow patterns associated with 
southward (Bz  <  0) IMF, where there is strong coupling 
between the IMF and the geomagnetic field, and north-
ward IMF (Bz > 0). For periods of southward IMF, convec-
tion is two-celled with one cell located on the dawnside 
and the other on the duskside (Dungey 1961). Flow is 
in general directed anti-sunward (from noon-to-mid-
night) at the highest latitudes over the polar cap, closed 
by sunward-directed flow (from midnight-to-noon) at 
more equatorward latitudes on the dawnside and dusk-
side. For periods of northward IMF, the convection pat-
tern tends to be multi-celled; the two cells characterizing 
periods of southward IMF are compressed toward the 
nightside and joined by 1–2 reverse convection cells on 
the dayside, characterized by sunward-directed flow over 
the polar cap (e.g., Reiff and Burch 1985; Watanabe and 
Sofko 2009). The size and orientation of convection cells, 
and the strength of the overall convection pattern are 
dependent on the same parameters that are used to bin 
the statistical models (e.g., Cowley and Lockwood 1992; 
Zhang et al. 2007 and references therein).
In the following sections, attempts are made to cor-
rect the Swarm ion drift measurements by determining 
and removing offsets. The CS10 statistical model repre-
sents the ionospheric convection during periods of sta-
ble IMF and solar wind. Comparison between Swarm ion 
drift measurements and the CS10 statistical models must 
therefore be performed during periods where the IMF 
and solar wind parameters used for binning the CS10 
statistical models are quasi-stable. This is necessary to 
ensure the ionospheric convection pattern itself is not in 
a period of transition so that the correct CS10 statistical 
model pattern can be used for comparison. In addition, 
the requirement of quasi-stability reduces possible errors 
due to the inaccurate propagation of the solar wind and 
IMF parameters from the L1 point, where they are meas-
ured, to the Earth.
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Identifying periods of quasi‑stable solar wind and IMF
To define periods of quasi-stability in the solar wind and 
IMF, we use methods similar to those outlined by Shep-
herd et  al. (2002). Measurements of the solar wind and 
IMF parameters, necessary for selecting the correct sta-
tistical model, are taken from the OMNI database (http://
nssdc.gsfc.nasa.gov/omniweb/), which propagates solar 
wind and IMF measurements from the point of measure-
ment to the subsolar point of the bow shock using the 
Weimer technique (Weimer and King, 2008) to provide 
values for the solar wind and IMF near the outer bound-
ary of the magnetosphere. OMNI data are processed to 
create 10-min data averages and then examined to deter-
mine periods where criteria for quasi-stability are met. 
Quasi-stability is defined as a period where By, Bz, and 
Esw for three or more consecutive 10-minute averages are 
such that |�x|x < 5%, where x represents the parameter 
tested (By, Bz, Esw) and x is the difference between the 
minimum and maximum values of x. The first and last 
10-minute intervals are dropped to allow for a ± 10 min 
uncertainty in the propagation time and to allow for the 
reconfiguration of the ionospheric convection pattern 
following an IMF transition (e.g., Shepherd et  al. 2002; 
Cousins and Shepherd 2010).
Once periods of quasi-stability have been determined, 
it is possible to examine how the Swarm ion drift data 
compares to velocities obtained from the statistical con-
vection model.
Data selection and preprocessing
The quasi-stable intervals identified were examined for 
the presence of complete passes of the Swarm A satel-
lite through the northern hemisphere convection zone 
bounded by the HMB for the corresponding statistical 
model. Of the 381 periods identified, 84 contained com-
plete satellite passes. Each pass was examined by eye to 
ensure an offset could be chosen, based on the following 
requirements, to correct the Swarm ion drift measure-
ments. Requirements include (1) the ion drift measure-
ments be flagged as being of good quality at the HMB so 
that an offset could be determined accurately, and (2) the 
ion drift measurements be approximately constant while 
crossing the HMB so the offset has some degree of relia-
bility. The along-track components for both the horizon-
tal and vertical TII sensors were examined to determine 
which component was most likely to accurately reflect 
the true (offset) ion drift. For 14 passes, large jumps 
existed in the along-track data for both sensors at differ-
ent times along the track. Although these jumps might 
have been real, the lack of corroboration between sensors 
made verification impossible and data from these tracks 
were therefore discarded. Of the 70 events remaining, 
the along-track component was derived from the vertical 
sensor for 42 events, the horizontal sensor for 2 events, 
and both sensors for 26 events. Data for each pass were 
examined in detail to remove outlying points.
The reported TII data quality flag is determined using 
a preliminary algorithm that evidently does not capture 
all outliers or problematic intervals. Therefore, each sat-
ellite pass was analyzed to identify and exclude unreliable 
data, which is often characterized by a double popula-
tion of points in either the ion drift data or Tion data, or 
by large ion temperatures (Tion  >  5000  K). Points lying 
more than 1 standard deviation from the mean of a 121-
point boxcar average were removed, as were additional 
points identified by hand. Although this method certainly 
excludes good data as well, it provides confidence that 
the subsequent analysis does not include suspect data.
Procedure for correcting Swarm data
We propose correcting Swarm data by zeroing the flow 
at the low-latitude boundary of the convection zone (i.e., 
where convection is expected to be zero). Here the low-
latitude boundary is defined as the HMB corresponding 
to the CS10 statistical convection model for the solar 
wind and IMF conditions that exist during the satel-
lite pass. This is done as follows: (1) Identify the IMF 
and solar wind conditions for the satellite pass, and the 
corresponding CS10 statistical model. In this paper, we 
only consider satellite passes that occur during periods 
of quasi-stable solar wind and IMF. (2) Identify the two 
points where the orbital footprints of the Swarm satellite 
cross the HMB of the CS10 statistical model. (3) Deter-
mine the average along-track and cross-track ion drift at 
the intersection points identified in (2). These averages 
define the along-track and cross-track offsets. Note that 
by averaging the data at either end of the satellite pass, 
this method assumes stability of the offset throughout 
each ~20-min pass the satellite makes of the high-latitude 
region. Such conditions are met in this study due to the 
assumption of quasi-stability in the solar wind and IMF. 
Note that in passes where ion drifts calculated at one end 
of the satellite pass were contaminated by data of poor 
quality, then data from only the other end of the satel-
lite pass were used as the offset value. (4) Correct Swarm 
ion drift measurements are carried out by subtracting 
the along-track offset from the along-track data and the 
cross-track offset from the cross-track data.
Comparison of corrected Swarm data: single satellite pass 
(July 4, 2014)
To illustrate the proposed procedure for correcting 
Swarm ion drift data, we consider a single cross-polar 
satellite pass. Figure  2a, b plots solar wind and IMF 
conditions on July 4, 2014, for a 20-min interval begin-
ning at 07:30 UT. During this interval the IMF Bx varies 
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from 0 to 1 nT. IMF By is negative at approximately −4 
nT. IMF Bz undergoes a slow variation between −1 and 
1 nT until 07:40 UT and then reaches a constant value of 
−4 nT for the remainder of the interval. Esw is constant at 
roughly 1.4 mV/m. Variation of the IMF and solar wind 
parameters are sufficiently small to classify the interval as 
quasi-stable based on the criteria described in “Identify-
ing periods of quasi-stable solar wind and IMF” section. 
During this period the CS10 statistical model for Bz < 0, 
By  < 0, Esw =  [1.20, 1.70] mV/m, and β  > 10° is used to 
determine the offset in the Swarm data. The CS10 statis-
tical model pattern has a simple two-cell configuration 
Fig. 2 Solar wind, IMF, and Swarm measurements for a single event. a IMF Bx (black), By (blue), Bz (pink) components, b solar wind electric field (Esw), 
c Swarm A along-track component of the measured ion drift with satellite velocity subtracted (mean of the values measured by the horizontal and 
vertical sensors), d Swarm A cross-track component of the measured ion drift (measured by the horizontal sensor), and e Swarm A ion temperature 
(Tion). In (c) and (d) the gray line indicates the along-track and cross-track components of the velocity for the corresponding CS10 statistical model, 
calculated at the coordinates of Swarm measurements within the high-latitude convection zone. In (c) and (d) the horizontal black lines indicate 
the offset used to correct Swarm ion drift data. All data are presented for the July 4, 2014, interval during which time the IMF and solar wind are in 
a quasi-stable state based on criteria described in “Identifying periods of quasi-stable solar wind and IMF” section. In (c–e), data flagged in the TII 
data file as being of poor quality are shown in blue, and data flagged by eye inspection as being unreliable are shown in green. Vertical red lines at 
07:33:50 UT and 07:47:27 UT indicate the time at which the satellite footprints cross the HMB for the corresponding CS10 statistical model
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(see Fig.  3a). During this period the Swarm A satellite 
makes a complete pass through the northern hemisphere 
high-latitude convection zone. We focus on this interval 
which is bounded by red vertical lines at 07:33:50 UT and 
07:47:27 UT in Fig. 2. 
Figure 2c, d plots the along-track and cross-track com-
ponents of the measured ion drift, respectively. Data 
associated with a TII quality flag ≥20 are indicated 
in blue. The interval illustrates the need for the cus-
tom outlier removal described in “Data selection and 
preprocessing” section, because TII quality flag does 
not properly flag the outliers. Data identified as being 
unreliable through eye inspection are indicated in green. 
The remaining black points are judged to be of reliable 
good quality. Contributions from the satellite veloc-
ity have been removed from the along-track ion drift 
measurement shown in Fig. 2c. For this pass the satellite 
enters the convection zone at 18 MLT, crosses over the 
magnetic pole, and exits the convection zone at ~6 MLT; 
this is a dusk-to-dawn satellite pass. The measured along-
track ion drift is shown to be relatively stable, entering 
the convection zone at 1870 m/s, exiting the convection 
zone at 1920 m/s and having a mean value of 2160 m/s 
throughout the pass.
Fig. 3 Map of Swarm ion drifts for a single event. a The CS10 statistical model in MLAT/MLT coordinates for the northern hemisphere Bz < 0, By < 0, 
Esw = [1.20, 1.70] mV/m, and β > 10°, corresponding to a satellite pass on July 4, 2014. Footprints of the Swarm A satellite orbit are plotted in black. b 
Projection of the CS10 statistical model shown in (a) at coordinates of Swarm ion drift measurements. In (c) and (d) the corrected cross-track com-
ponent and 2D ion drift measurements are plotted. In all plots the HMB for a minimum latitude of 61° MLAT is overplotted (solid pink line). Velocity 
magnitude is indicated by the horizontal color bar
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The cross-track component of the measured ion drift 
varies in magnitude entering and leaving the convection 
zone at −1000 and −640 m/s, respectively. Flow reaches 
peaks of 530 and 840  m/s in regions which correspond 
to peaks in the sunward-directed return flow at the edge 
of the dusk and dawn convection cells. The central flow, 
which corresponds to anti-sunward-directed flow over 
the polar cap, is roughly −1500  m/s. Although such 
high-magnitude flows are not given by the CS10 statis-
tical convection pattern, they are sometimes observed 
by instruments such as SuperDARN (i.e., Drayton et  al. 
2005; Parkinson et  al. 2005; Koustov et  al. 2006) or 
the DMSP satellites (Greenspan et  al. 1986; Rich and 
Hairston 1994).
Both the along-track and cross-track components of 
the ion drift are expected to be zero at the low-latitude 
boundary of the convection zone. However, the offset is 
approximately 2000 m/s in the along-track direction and 
600–1000 m/s in the cross-track direction. The difference 
in both magnitude and polarity suggests that offsets are 
considerably different in the along-track direction com-
pared to the cross-track direction and therefore need to 
be determined separately.
Figure  2e presents the ion temperature for the July 4, 
2014, event. In general, ion temperature varies smoothly 
within the high-latitude region, generally staying 
between 2000 and 5000 K. However, there are instances 
when there appears to be two clear populations of points: 
07:30–07:36 UT, 07:38–07:40 UT intervals. Ion tem-
perature is calculated from 4 EFI temperature estimates 
and such a discontinuity comes from having two sepa-
rate temperature estimates. Similar discontinuities are 
observed in the along-track component of the ion drift 
reported by the vertical sensor, which are translated into 
the averaged along-track component plotted in Fig.  2c 
(07:38–07:40 UT intervals). Although it is possible for 
two distinct populations to exist, it is also possible that 
the double population of points is artificial. In such cases 
the grouping of points that appears to be inconsistent 
with the overall data set is removed prior to comparing 
Swarm data with the statistical model, or with data from 
other instruments. In cases where it is unclear which 
population of points should be considered, the entire 
period is removed.
Figure  3 maps the expected convection pattern for 
the July 4, 2014, interval and the corrected Swarm ion 
drift measurements. Figure  3a plots the CS10 statisti-
cal model corresponding to this interval, where Bz  <  0, 
By < 0, Esw = [1.20, 1.70] mV/m, and β > 10°. Convection 
is two-celled with a channel of strong anti-sunward flow 
over the polar cap which is closed by sunward-directed 
flows at the equatorward edge of both the dawnside 
and duskside convection cells. The convection zone is 
bounded by the HMB which extends to 61° MLAT on 
the nightside. The thin black line across the plot indicates 
the footprints of the Swarm A satellite orbit across the 
high-latitude region. The average ion drift measurement 
at the intersection of the footprints of the satellite orbit 
and the HMB determines the offset used to correct the 
Swarm data. In Fig. 3b, the CS10 statistical model plotted 
in Fig. 3a is projected onto the coordinates of Swarm ion 
drift measurements to illustrate the expected flow. Based 
on the CS10 statistical model pattern, flow is expected 
to point in the sunward direction in the dawn and dusk 
regions equatorward of 75° MLAT with magnitudes 
of up to 300–400  m/s on the duskside and 500  m/s on 
the dawnside. Flow poleward of 80° is expected to point 
in the anti-sunward direction with magnitudes of up to 
700 m/s.
To compare the measured and modeled ion drift, con-
sider the gray lines in Fig. 2c, d, which indicate the along-
track and cross-track components of the ion drift for the 
CS10 statistical model. In Fig. 2c, traces for the measured 
and CS10 model ion drift differ by as much as 2000 m/s 
in magnitude in the along-track direction. In the cross-
track direction, the CS10 statistical model clearly illus-
trates the pattern of sunward-directed (positive) flow 
in the outer regions of the convection pattern and anti-
sunward-directed (negative) flow across the polar cap. 
Swarm observes comparable peaks in the cross-track 
component at approximately the same locations as the 
statistical model, but the peaks are much narrower and 
the surrounding flow is considerably offset from the sta-
tistical model. For both the along-track and cross-track 
components of the ion drift, an offset in flow magnitude 
is apparent.
It is clear that it is necessary to make corrections to the 
Swarm data before it will accurately represent the true 
convection pattern, which for this period of quasi-sta-
bility should approximately be represented by the CS10 
statistical model shown in Fig. 3a. Swarm ion drift meas-
urements are corrected using the procedure described in 
“Procedure for correcting Swarm data” section. Offsets of 
1895 and −820 m/s were determined for the along-track 
and cross-track directions, respectively. These offsets are 
indicated by solid thin horizontal black lines in Fig. 2c, d.
Figure  3c, d show the corrected cross-track ion drift 
measurement and the corrected full 2D ion drift meas-
urement, respectively. With the exception of a region of 
anti-sunward-directed flow near the HMB at 18 MLT, the 
flow pattern demonstrated by the corrected Swarm ion 
drift data follows patterns established by the CS10 sta-
tistical model including anti-sunward flow over the polar 
cap and strong return flow in the auroral regions. The 
magnitude of the flow reported poleward of 80° MLAT is 
similar in Fig. 3a, d.
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A direct comparison can be made between the meas-
ured ion drift and the statistical model. This is done by 
calculating the CS10 statistical model at Swarm meas-
urement coordinates and projecting the resulting vec-
tors into the along-track and cross-track directions so 
that the vector components can be examined separately. 
Figure  4 shows scatter plots of the measured and CS10 
statistical model ion drift components both before 
(black points) and after (blue points) removing an off-
set. Prior to removing an offset, the measured along-
track ion drift is clustered between 1000 and 3000  m/s 
whereas the CS10  model flow is constrained to −250 
to 500 m/s. Removing an offset shifts the measured ion 
drift by 1895  m/s showing much closer agreement with 
the CS10 statistical model in terms of magnitude. In the 
cross-track direction, Swarm measures velocities spread 
between −1600 and 1000 m/s compared to CS10 model 
velocities which range from roughly −700 to 500 m/s. 
Data show excellent correlation with the CS10 model 
flow (R  =  0.80) but are offset from the ideal bisector 
(dashed line) by −826 m/s. Adding an offset of 820 m/s 
significantly improves the comparison. Once an offset is 
removed, points in the cross-track plot lie almost exactly 
along the ideal bisector, except for Swarm flow measure-
ments greater than ~700  m/s. In Fig.  3c such flow cor-
responds to the high-velocity flows (red) measured by 
Swarm at 70°MLAT on the duskside and 75° MLAT on 
the dayside.
Comparison of corrected Swarm data: multiple satellite 
passes
Swarm A satellite data for the 70 passes occurring during 
periods of quasi-stability were compared directly to ion 
drifts inferred from the CS10 statistical model before and 
after correcting for an offset (Fig. 5). Prior to correcting 
for an offset (top row in Fig.  5), the bulk of the Swarm 
ion drift data spans from 0 to 3000  m/s in the along-
track direction and −2500 to 1500  m/s in the cross-
track direction. The magnitude of the CS10  model data 
is strictly <1000 m/s for both components. In the along-
track direction the correlation coefficient indicates poor 
agreement (R = 0.16). Correlation is somewhat better in 
the cross-track direction (R =  0.40), although again, far 
from ideal.
Despite performing the comparison during periods 
where the convection pattern is expected to be stable and 
agree with the statistical model, neither ion drift meas-
urement component shows agreement with the CS10 sta-
tistical model. If the Swarm ion drift measurements were 
offset by a single constant background level, we would 
expect to see correlation (e.g., R > 0.50) between data sets 
with a disagreement in velocity magnitudes. The poor 
correlation illustrated in the top row of Fig.  5 therefore 
suggests the offset is different for each pass and needs to 
be independently determined for each pass.
Data in the top row of Fig. 5 clearly show the offset is 
different in both the along-track and cross-track direc-
tions. Consider Fig.  1b which shows the distribution of 
the coordinates of the satellite measurements within the 
HMB for the 70 satellite passes considered in this study. 
Satellite passes are generally oriented from dusk to dawn, 
and data are weighted toward the nightside. Based on 
the two-celled convection pattern that dominates the 
nightside region for both northward and southward 
IMFs, and the predominance of a two-celled (IMF Bz < 0) 
Fig. 4 Comparing Swarm and CS10 model data before/after 
removing an offset—single event. Comparison of the a along-track 
and b cross-track ion drift measured by the Swarm A satellite and 
the corresponding CS10 statistical models for the July 4, 2014, pass 
illustrated in Figs. 2 and 3. Black and blue points represent the distribu-
tion of points before and after removing an offset from the data. The 
best-fit line to the data (heavy blue line), slope (m) of the best-fit line, 
and correlation coefficient (R) are indicated. The dashed line indicates 
perfect agreement
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convection pattern for the 70 events (61 events for Bz < 0 
and 9 events for Bz  >  0), this dusk-to-dawn orientation 
suggests the along-track component of the flow will be 
small, near zero, and the cross-track component will vary 
with both positive and negative values. Although data 
in Fig.  5 roughly follow expectations in the cross-track 
direction, along-track ion drifts are clustered at values 
much greater than zero. This suggests the offset in the 
Swarm data needs to be independently determined for 
the along-track and cross-track directions.
The method described in “Procedure for correcting 
Swarm data” section was used to determine offsets for the 
entire 70-pass data set. Figure 6 shows the distribution of 
offsets in the cross-track and along-track directions. The 
broadness of the distribution suggests that correcting the 
offset is not quite as straightforward as removing a single 
constant offset from all data. In the cross-track direction 
the distribution is wide, spanning from −2000 to 800 m/s 
with a peak in the bin centered at −300 m/s and a mean 
value of −470  m/s. The distribution for the along-track 
Fig. 5 Comparing Swarm and CS10 model data before/after removing an offset—multiple events. Comparison of the along-track and cross-track 
ion drift measured by the Swarm A satellite and the corresponding CS10 statistical models for 70 northern hemisphere passes during May–Septem-
ber 2014 for periods of quasi-stable IMF and solar wind. Comparisons are performed both before (top row) and after (bottom row) removing an off-
set from the Swarm data. Data were binned in increments of 50 m/s. The number of occurrences in each bin is indicated by color according to the 
color bar shown. The best-fit line to the data (heavy black line) and correlation coefficients are indicated. The dashed line indicates perfect agreement
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direction is also wide, spanning from −1200 to 2600 m/s, 
peaking in the 900 m/s bin, and having a mean value of 
1150 m/s. The mean offsets differ in polarity with mag-
nitudes differing by a factor of 2.4, enforcing the notion 
that the along-track and cross-track components of the 
measured ion drift need to be handled separately. This 
is in fact expected since different algorithms are used to 
derive velocities in these two components.
The comparison between Swarm and CS10 data for 
the 70 identified satellite passes after removing an offset 
is illustrated in the bottom row of Fig.  5. Removing an 
offset from the measured Swarm ion drift components 
significantly improves the agreement between data sets. 
In the along-track direction Swarm ion drift measure-
ments are centered at 0  m/s and the majority of points 
have magnitudes of <1000 m/s. However, the correlation 
coefficient is still poor (R  =  0.40) and the slope of the 
best-fit line to the data (m =  1.70) indicates the along-
track component of the measured ion drift is larger than 
that of the CS10 statistical model. It should be noted that 
despite the poor agreement indicated by R and m, the 
shift in the y-intercept of the best-fit line to the data from 
1300 to 23  m/s is a significant improvement. Improve-
ments in the cross-track direction are more significant 
with the correlation increasing to R =  0.60 indicating a 
linear relationship. However, the slope (m = 1.09) drops 
only slightly and there is still a tendency for the Swarm 
cross-track component of the measured ion drift to be 
larger than the statistical model. Removing extraneous 
points having magnitudes >1200  m/s reduces the slope 
from m =  1.09 to m =  1.00. These results, particularly 
for the cross-track component of the flow, are excellent 
when considering that the CS10  model represents the 
average flow rather than the true flow.
In the multi-pass data set, there is a predominance for 
the quasi-stable interval to have IMF Bz < 0: There are 9 
passes for Bz > 0 and 61 for Bz < 0. If Fig. 5 is reprocessed 
limiting to those events where the IMF Bz  <  0 and the 
convection pattern is more simple (two-celled opposed to 
multi-celled) then the correlation coefficient after remov-
ing an offset increases slightly from R = 0.40 to R = 0.42 
in the along-track component and from R  =  0.60 to 
R = 0.63 in the cross-track component. The slopes of the 
best-fit lines to the data also increase from m = 1.70 to 
m = 1.81 in the along-track direction, and from m = 1.09 
to m = 1.15 in the cross-track direction.
To examine the MLAT and MLT location of where the 
data did and did not agree, the mean (x¯) and standard 
deviation (σ) of the difference between the cross-track 
component of the CS10 statistical model, and the cor-
rected Swarm ion drift measurement were considered. 
Figure  7 plots the distribution of the MLAT and MLT 
location of the ion drift for the entire comparison data 
set (black), for points of agreement (data falling within 
2σ of x¯) (blue) and for points of disagreement (data fall-
ing outside 2σ of x¯) (red). For both MLAT and MLT, 
the distribution of points within 2σ of x¯ agrees quite 
well with the overall distribution. For points with dif-
ferences greater than 2σ of x¯, there are additional peaks 
in the distributions. For the MLAT distribution, the 
most significant difference is a wide peak centered at 
63.5° MLAT with a minor peak located at 89.5° MLAT. 
Additional peaks in the MLT distributions are located at 
6 MLT (dawn) and 19 MLT (dusk). These distributions 
indicate that the largest differences between Swarm and 
CS10 cross-track data tend to occur over the regions of 
peak velocity in the sunward-directed return flow near 
the auroral oval, consistent with the high-velocity flows 
mapped in Fig. 3c, d.
As a final consideration, we bring to attention the 
study by Gillies et  al. (2009) who point out that Super-
DARN velocity measurements typically underestimate 
the plasma flow due to the imprecise use of a refrac-
tive index of 1 in the calculation of line-of-sight veloc-
ity. They propose a method of approximating the actual 
index of refraction based on the elevation angle of the 
returned radar signal. Using this technique they show a 
12 % increase in flow magnitude. Since the SuperDARN 
data set used to generate the CS10 statistical model did 
not incorporate this correction factor, the CS10 model 
velocities used in this study could be underestimated by 
12 %. If index of refraction considerations are applied to 
this study, then the slope of the best-fit line to the data in 
Fig. 6 Distribution of cross-track and along-track offsets. Distribution 
of the offset determined for the cross-track and along-track directions
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Fig. 5 would decrease from m = 1.70 to m = 1.52 in the 
along-track direction and from m = 1.09 to near-unity at 
m = 0.97 in the cross-track direction.
Identifying boundaries in the ionospheric 
convection pattern based on corrected Swarm ion 
drift data
The convection reversal boundary (CRB) is a character-
istic boundary separating anti-sunward cross-polar flow 
and sunward-directed return flow at auroral latitudes 
(Ridley and Clauer 1996; Chen et al. 2015; Koustov and 
Fiori 2016). The CRB is of particular interest because it 
is located near the ionospheric projection of the open/
closed magnetic field line boundary (Sotirelis et al. 2005; 
Hubert et  al. 2010), i.e., in the region where magnetic 
field lines poleward of the boundary are connected to the 
magnetotail lobes or the solar wind while magnetic field 
lines equatorward of the boundary are closed.
Accurate identification of the CRB location requires 
knowledge of the 2D convection pattern across the high-
latitude region, particularly poleward of 70° MLAT. Due 
to its extensive coverage, and capability for continu-
ous monitoring, the SuperDARN radar network is well 
suited for CRB mapping (e.g., Bristow and Spaleta 2013; 
Koustov and Fiori 2016). However, echoes are often 
missed in specific regions due to changing signal propa-
gation conditions (e.g., Danskin et al. 2002). Because of 
this, SuperDARN convection maps often have an insuf-
ficient number of data points to overwhelm the statis-
tical model when convection mapping and the maps 
therefore tend to emulate the statistical model (Mori 
and Koustov 2013). For this reason, satellite instruments 
can make a valuable contribution to mapping the CRB 
location, as has been demonstrated by de la Beaujardiere 
et al. (1991). Satellite data are useful both for instantane-
ous mapping concentrating in specific MLT sectors (e.g., 
Chen et  al. 2015) and for statistical analysis (Rich and 
Hairston 1994), if convection is quasi-stable during the 
satellite pass.
We tested the ability of the Swarm A satellite to iden-
tify the CRB by considering dusk-to-dawn aligned passes 
for a subset of the 70 events (considered in “Comparison 
of Swarm data with output from a statistical convection 
model” section) for which the IMF Bz was negative so that 
the convection pattern was two-celled and well defined. 
For each pass the cross-track component of the corrected 
ion drift measurement was examined to determine the 
latitude at which the cross-polar cap flow reversed from 
having an anti-sunward-directed component to a sun-
ward-directed component. Convection reversals were 
also identified in the CS10 statistical model at the same 
MLT location as those identified in the Swarm data. Con-
vection reversals were found to be reliably determined 
for 38 passes providing a total of 42 points. Figure 8a pre-
sents the results. Black and green points indicate the CRB 
location determined from the CS10 statistical model and 
from measurements, respectively. Corresponding data 
for each pass are connected using a red line which indi-
cates the latitudinal displacement of the CRB.
Data in Fig.  8a show that the CRB locations deter-
mined using both CS10 model and measured data are 
distributed within the same region. This indicates a gen-
eral agreement in both the CRB location and the overall 
shape of the convection pattern, as predicted by Cousins 
and Shepherd (2010). Figure  8b shows the distribution 
of the latitudinal displacement between the CRB points 
identified using the CS10 statistical model and measure-
ments. The difference in latitude is defined as negative 
when the CS10 model MLAT is located poleward of the 
Swarm MLAT and positive when the Swarm MLAT is 
located poleward of the CS10 model MLAT. Thirty-seven 
Fig. 7 MLAT and MLT location of Swarm measurement coordinates 
for points of good/bad agreements. Distribution of the a MLAT 
and b MLT coordinates of Swarm A satellite data for 70 northern 
hemisphere passes during May–September 2014 for periods of quasi-
stable IMF and solar wind. Distributions are for all data (black), and 
data for which the difference between the measured cross-track ion 
drift and the corresponding CS10 statistical model was <2σ (blue) and 
>2σ (red) of the mean
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percentage of points are separated in latitude by <1°, and 
64 % of points are separated by <2°.
Figure 8b indicates a tendency for the Swarm CRB to 
be located at more equatorward latitudes as compared to 
the CS10 statistical model. In 83 % of cases, MLATSWARM 
is equatorward of MLATCS10. Averaging the MLAT loca-
tion of the dawnside and duskside CRB locations for 
each data set also reveals a tendency for the CRB to be 
located at lower latitudes when identified using Swarm 
measurements compared to the CS10 statistical model. 
Based on Swarm measurements, the average MLAT of 
the CRB is 77.0° on the duskside and 78.1° on the dawn-
side. The CS10 statistical model puts the average MLAT 
of the CRB at 78.6° MLAT on the duskside and 79.0° 
MLAT on the dawnside. This systematic shift of the CRB 
determined by Swarm measurements to more equator-
ward latitudes is expected. The FIT technique (Ruoho-
niemi and Baker 1998) relies on an accurate selection of 
the low-latitude boundary of the convection zone given. 
In the FIT procedure, this boundary is taken to be the 
largest boundary containing all SuperDARN gridded 
line-of-site velocities that are greater than 100 m/s (Ruo-
honiemi and Baker 1998). Given the comparatively low 
number of low-latitude measurements used to generate 
the CS10 statistical model, it is likely that this boundary 
was assigned to a slightly more poleward latitude than 
it should be for all maps. Although this is not likely to 
alter flow intensity in the most equatorward region of 
the statistical convection model, it could prevent con-
vection foci from shifting to more equatorward loca-
tions, thereby forcing the CRB to slightly more poleward 
locations.
Bristow and Spaleta (2013), Chen et  al. (2015), and 
Koustov and Fiori (2016) all report an asymmetry in the 
dawn/dusk location of the CRB. We attempted to test 
this asymmetry by considering Swarm measurements 
for periods with IMF Bz < 0. In Fig. 8c we show the CRB 
location for periods where IMF By  <  0 (blue points, 25 
Fig. 8 Identifying the convection reversal boundary with Swarm ion 
drifts. a Green filled circles indicate the location of convection reversal 
boundary for a subset of 38 Swarm A satellite passes identified (see 
text) based on the cross-track component of the ion drift from the 
Swarm A satellite measurements. Black filled circles indicate the loca-
tion of the CRB corresponding to the MLT of the Swarm-derived point 
determined for the CS10 statistical model corresponding to each pass. 
Red lines connect Swarm and CS10 points for each pass. b Histogram 
of latitudinal difference (degrees) between matching CS10 model 
and measured convection reversal coordinates. Angular spacing is 
defined as negative if the CS10 model coordinate is poleward of the 
Swarm coordinate and positive if the Swarm coordinate is poleward 
of the CS10 model coordinate. c Filled circles indicate the location of 
convection reversals determined from the Swarm A satellite measure-
ments for periods of IMF By < 0 (blue) and IMF By > 0 (red). Curves in (c) 
represent the CRB location determined in Koustov and Fiori (2016) for 
IMF By < 0 (blue) and IMF By > 0 (pink) based on a statistical average of 
SuperDARN data for IMF Bt = [−4, 0] and IMF Bz < 0 (their Fig. 6). All 
data in this figure are for periods of IMF Bz < 0
▸
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events), and for periods where IMF By  >  0 (red points, 
13 events). We also show here the statistically averaged 
CRB location inferred from SuperDARN data by Kous-
tov and Fiori (2016). Both plots show that for periods of 
IMF By < 0, the duskside CRB is shifted to more equator-
ward latitudes and the dawnside CRB is shifted to more 
poleward latitudes. For IMF By  >  0, the duskside CRB 
is shifted to more poleward latitudes and the dawnside 
CRB is shifted to more equatorward latitudes.
Points in Fig. 8c agree well with the average location of 
the CRB found in Koustov and Fiori (2016). Blue and red 
curves in Fig. 8c show the location of the CRB for various 
MLT for 228 months of observations. There is reasonable 
overlap between data sets, particularly on the dawnside. 
Note that the average curves derived by Koustov and 
Fiori (2016) do not reflect the very high latitude (>80° 
MLAT) CRB locations identified from the Swarm data. 
However, similar points were identified by the statistical 
model (see Fig. 8a). This overall agreement between the 
Swarm-derived data points and the blue and red curves 
by Koustov and Fiori (2016) indicate the Swarm-inferred 
CRB locations are very close to those known from Super-
DARN data. Thus, the Swarm ion drift data, corrected 
according to the procedure proposed in this study, are 
in accordance with results of Bristow and Spaleta (2013), 
Chen et al. (2015), and Koustov and Fiori (2016), in terms 
of the CRB location.
Discussion
In this paper ion drift measured by the Swarm A satellite 
is assessed for the first time through comparison with the 
CS10 statistical convection model for periods of quasi-
stable solar wind and IMF. Offsets in the original Swarm 
ion drift data were removed by zeroing each component 
of the measured ion drift at the equatorward edge of the 
convection zone as defined by the Heppner–Maynard 
boundary corresponding to the CS10 statistical convec-
tion model for that period. It was shown that removing 
these offsets significantly improves the overall agreement 
between measured and modeled ion drift. However, there 
are numerous occasions where Swarm observes large ion 
drifts (>1000 m/s) which are not reflected in the statisti-
cal convection model.
The disagreement between measured and modeled 
values can be explained in part by recalling that the 
CS10 statistical model presents an average convection 
pattern, whereas each Swarm pass represents a more 
dynamic ‘instantaneous’ (~20-min pass) measurement. 
Rich and Hairston (1994) observe that features regularly 
seen in an instantaneous convection map may not be 
observed in a statistical model; they specifically refer to 
fast flows of >1000  km/s often observed near the cusp 
region. They argue that such features are highly dynamic 
in both magnitude and location so that averaging will 
smooth out these features. Cousins and Shepherd (2010) 
agree that the ion drift reported by a statistical model 
will be attenuated due to the filtering and averaging 
performed when generating the model. However, they 
point out that instantaneous convection maps, and their 
corresponding statistical models should have the same 
overall configuration, the same relative difference in 
convection strength between cells, and fast flows should 
be located in the same regions. Therefore, we conclude 
that the practice of zeroing the Swarm ion drift data at 
the convection zone boundary should produce ion drifts 
that reflect the overall pattern of convection defined by 
the statistical model. One way of determining whether 
or not the overall shape of the convection pattern is 
being maintained by Swarm ion drift measurements, 
is to examine the location of flow boundaries, such as 
was done in “Identifying boundaries in the ionospheric 
convection pattern based on corrected Swarm ion drift 
data” section. Convection reversal boundaries could be 
identified in the corrected Swarm data and these loca-
tions agree with those predicted by the statistical model, 
with a 0.9°–1.6° equatorward shift in MLAT which could 
be at least partially attributed to the algorithm used to 
derive the statistical model.
Another more fundamental explanation for the differ-
ences between measured and modeled data deals with 
the forces driving ionospheric plasma flow. The CS10 
statistical convection model is parameterized by the 
upstream solar wind and IMF and therefore assumes the 
front-side reconnection rate is the driving factor con-
trolling the ionospheric convection pattern. The expand-
ing/contracting polar cap (ECPC) paradigm, originally 
described by Siscoe and Huang (1985) and further dis-
cussed in a number of papers (i.e., Cowley and Lock-
wood 1992; Lester et  al. 2007; Milan et  al. 2012; Milan 
2013), offers a more encompassing explanation for con-
vection drivers. In the ECPC paradigm, convection flow 
is controlled by the addition or subtraction of magnetic 
flux to the polar cap due to reconnection in the mag-
netosphere. Dayside reconnection, controlled by the 
upstream solar wind and IMF, and nightside reconnec-
tion, controlled by conditions in the magnetotail and 
substorm processes, cause the addition and subtrac-
tion of magnetic flux, respectively. The imbalance of the 
short-term dayside and nightside reconnection rates 
leads to the expansion and contraction of the polar cap, 
exciting ionospheric plasma flow in an effort to return 
the system to an equilibrium state. Note that rates bal-
ance over the long term, but not over the short term due 
to the finite period of time required for information to 
travel from the dayside reconnection point to the night-
side reconnection point.
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Parameterization of the CS10 statistical model by fac-
tors driving dayside reconnection discounts the impact 
of nightside reconnection on convection. We expect 
impacts to be negligible for a period of stable solar wind 
and IMF, but not until solar wind and IMF conditions 
driving the dayside reconnection are fully communi-
cated the nightside. We attempted to minimize impacts 
by discounting the first 10-minute interval of a period of 
quasi-stability, but Cowley and Lockwood (1992) suggest 
a longer delay of 30–60 min would be more accurate. To 
examine the impact of nightside reconnection rates on 
the comparisons performed in this paper, we break the 
data set into four regions representing the midnight (21-
03 MLT), dawn (03-09 MLT), noon (09-15 MLT), and 
dusk (15-21 MLT) sectors. The correlation coefficient 
for the corrected cross-track ion drifts was lowest for the 
midnight sector at R = 0.43 and comparable in the noon, 
dawn, and dusk sectors averaging R =  0.64. Recall also 
that the comparison results were slightly improved for 
IMF Bz < 0 compared to IMF Bz > 0, possibly due to the 
dominance of dayside reconnection during these peri-
ods. As an additional consideration, the CRB discussed 
in “Identifying boundaries in the ionospheric convection 
pattern based on corrected Swarm ion drift data” sec-
tion approximately describes the location of the open-
closed field line boundary which shifts in response to 
the amount of magnetic flux in the polar cap. Figure 8a 
clearly shows that the difference between the CRB iden-
tified by data and by the CS10  model is greater on the 
nightside compared to the dayside; the average latitudi-
nal difference is 1.6° on the dayside compared to 2.0° on 
the nightside. These results suggest that neglecting the 
impact of nightside reconnection in the parameteriza-
tion of the CS10 statistical model impacts the agreement 
between measured and modeled data. In future work, we 
therefore recommend the use of data-driven convection 
patterns for identifying the convection zone boundary 
necessary for the offset removal described in this work.
Conclusions
Based on the work performed, a number of conclusions 
can be made about the quality of the high-latitude Swarm 
ion drift data for the May–September 2014 period:
1. There is a large discrepancy between the prelimi-
nary version (PREL 0101) of the Swarm A ion drift 
measurements at high latitudes (>50° MLAT) and 
velocities from the CS10 statistical convection mod-
els. For the entire period considered, Swarm velocity 
distributions peak near 2000  m/s in the along-track 
direction and −300 m/s in the cross-track direction 
whereas the CS10 statistical model velocity magni-
tudes are primarily <300 m/s. These results indicate 
there is an offset between the Swarm ion drift data 
and the actual drifts. The offset is different in the ion 
drift measured in the along-track and cross-track 
directions.
2. One possible method of correcting high-latitude 
level-1b Swarm ion drift data is to zero each velocity 
component at the low-latitude boundary of the con-
vection zone. In this study, we suggested using the 
HMB as a proxy for the lowest latitude of the nonzero 
convection velocity. The CS10 statistical model was 
adopted to estimate the HMB location. To assess 
the degree of Swarm data improvement under this 
assumption, we selected a subset of 70 events where 
the IMF was quasi-stable, and the Swarm satellite 
made a complete pass through the northern hemi-
sphere convection pattern. Offsets between Swarm 
data and CS10 predictions were determined. Remov-
ing offsets from the Swarm measurements signifi-
cantly improved the agreement between measured 
and modeled ion drifts; the correlation coefficient 
increased from R =  0.16 to R =  0.40 in the along-
track direction and from R = 0.40 to R = 0.60 in the 
cross-track direction. Agreement further improved 
to R = 0.42 in the along-track direction and R = 0.63 
in the cross-track direction if only events with IMF 
Bz < 0 were considered.
3. The corrected Swarm data can be used to determine 
the convection reversal boundary location. For a sub-
set of 38 satellite passes for periods of quasi-stable 
IMF and solar wind conditions where the IMF Bz < 0 
and the satellite passed over the high-latitude north-
ern hemisphere in a dusk-to-dawn direction, the con-
vection reversal boundary was found to be located on 
average 0.9°–1.6° MLAT equatorward of the bound-
ary predicted by the CS10 statistical model. The con-
vection reversal boundary was shown to shift toward 
the dawnside or duskside depending on the polarity 
of IMF By, in full agreement with tendencies known 
from previous SuperDARN and DMSP measure-
ments.
This paper demonstrates the success of removing an 
offset from Swarm data based on the location of the con-
vection zone boundary as defined by a statistical model. 
It is recommended that in addition to performing valida-
tion work with individual instruments such as the Super-
DARN radars, incoherent scatter radars, and DMSP 
satellites, it is highly desirable to use such instruments to 
generate data-driven convection patterns to more accu-
rately determine the low-latitude boundary of the con-
vection zone for more accurate offset removal.
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